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Abstract

Following the detection of a novel influenza strain, A(H7N9), we modeled the use of antiviral 

treatment in the United States to mitigate severe disease across a range of hypothetical pandemic 

scenarios. Our outcomes were total demand for antiviral (neuraminidase inhibitor) treatment and 

the number of hospitalizations and deaths averted. The model included estimates of attack rate, 

healthcare-seeking behavior, prescription rates, adherence, disease severity, and the potential 

effect of antivirals on the risks of hospitalization and death. Based on these inputs, the total 

antiviral regimens estimated to be available in the United States (as of April 2013) were sufficient 

to meet treatment needs for the scenarios considered. However, distribution logistics were not 

examined and should be addressed in future work. Treatment was estimated to avert many severe 

outcomes (5,200–248,000 deaths; 4,800–504,000 hospitalizations); however, large numbers 
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remained (25,000–425,000 deaths; 583,000–3,700,000 hospitalizations), suggesting that the 

impact of combinations of interventions should be examined.
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Introduction

An outbreak of human infections with a new avian influenza A(H7N9) virus [H7N9], was 

first reported in eastern China by the World Health Organization on April 1, 2013 [1]. This 

novel influenza virus was fatal in approximately one third of the 135 confirmed cases 

detected in the four months following its initial identification [2], and limited human-to-

human H7N9 virus transmission could not be excluded in some case clusters in China [3, 4]. 

As part of ongoing pandemic preparedness activities, the Centers for Disease Control and 

Prevention rapidly conducted a comprehensive review of the potential impact of influenza 

countermeasures after the initial cases were reported, including the use of antiviral drugs to 

treat and control a future influenza pandemic.

Antiviral treatment has received considerable attention in pandemic planning and will likely 

be an important part of any response to a widespread influenza outbreak [5–8]. Currently 

neuraminidase inhibitors (NAIs) are the only licensed agents with activity against the 

majority of circulating influenza viruses [9]. Pandemic planning has largely focused on these 

agents, particularly oseltamivir which is licensed for most ages and is easily administered 

[9]. While large-scale epidemiologic studies of NAI effectiveness against as yet unknown 

influenza virus strains are not feasible, the early use of NAIs has been shown in randomized 

controlled trials to decrease duration of illness in otherwise healthy persons with acute 

uncomplicated influenza caused by circulating seasonal influenza viruses [10–18]. In 

addition, observational studies among hospitalized patients with influenza suggest that early 

oseltamivir treatment reduces both the severity of disease and mortality [19, 20]. Given the 

anticipated demand for NAIs during a potential influenza pandemic, it is important to 

regularly assess estimates of the drug supply, including stockpiles, and reevaluate the 

projected effect of antiviral treatment on pandemic morbidity and mortality.

In this paper, we present estimates of the potential US demand for NAIs modeled across 

several hypothetical influenza pandemic scenarios, and include estimated ranges for their 

possible effect on averting hospitalizations and deaths. Notably, while this work was 

conducted in response to the discovery of the H7N9 virus, the pathogen characteristics used 

in our model were chosen to reflect a range of severe and transmissible influenza strains and 

were not directly based on H7N9 since it is not possible to predict the transmissibility and 

severity of illness if this virus adapts and causes widespread human illness [21]. Also, to 

inform decisions during a public health response, we used a simplified model that could be 

rapidly developed and analyzed.
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Methods

Pandemic scenarios

Two clinical attack rates (20% and 30%) and two case severity levels (high and low risks of 

hospitalization [1.05%, 4%] and mortality [0.084%, 0.5%] per clinical case) were used to 

define the pandemic scenarios analyzed and are described in-depth in Meltzer et al. [22] and 

in Table 1. These parameters were chosen to represent hypothetical pandemics of moderate 

to high transmissibility and case-severity and are based on a recently developed scale of the 

public health impact of influenza pandemics [21]. We describe the model in detail below.

We used two treatment scenarios, one with a low treatment level (proportion of influenza 

cases who are diagnosed and prescribed NAIs) among both outpatient and inpatient cases, 

and another with a high treatment level in these groups. These scenarios can provide lower 

and upper estimates of the potential range of demand for NAIs and should not be interpreted 

as being the most likely scenarios. We also used two estimates of the effect of NAIs against 

hospitalization and death. The treatment levels and effectiveness estimates are described 

further in the “Model Details” section and in Table 1. These epidemic and treatment 

characteristics produced the 16 scenarios analyzed (2 attack rates × 2 severity levels × 2 

treatment rates × 2 antiviral effectiveness levels). An analysis using a scenario of no 

antiviral use was included to show the absolute effect of antiviral treatment.

Model overview

We developed a spreadsheet model to estimate the demand for NAIs and the resulting 

number of hospitalizations and deaths that could be averted with the use of NAI treatment. 

We did not distinguish between types of NAIs used in the model (e.g., oseltamivir or 

zanamivir) and assumed that pediatric populations could be treated directly with pediatric 

drug formulations or that pediatric suspension could be made from adult capsules [34]. We 

assumed that the impact of seasonal influenza on demand for antiviral treatment and severe 

disease would be negligible during the severe pandemic scenarios considered.

We calculated the potential demand for NAIs across age groups (0–9, 10–19, 20–59, ≥60 

years) for a range of pandemic scenarios using methods based on previous work [27]. To do 

so, we used assumptions regarding the clinical attack rate [22], the proportion of the 

population that would likely require treatment, seek medical care and be prescribed NAIs 

[25, 26], the number of regimens that may be dispensed for chemoprophylaxis or saved for a 

personal stockpile, and the proportion of those with non-influenza illness who may also 

receive NAI treatment [27]. We modeled the provision of antiviral treatment using the 16 

scenarios described above.

To calculate the potential impact of NAI treatment on severe influenza-associated 

complications, we combined estimates of the number of regimens correctly dispensed to 

influenza cases with estimates of adherence and the possible effect of NAIs on the risks of 

hospitalization and death. Individuals could experience both hospitalization and death, or 

either outcome, or neither.
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All analyses were conducted using Microsoft Excel, version 2010. Antiviral demand, 

hospitalizations, and deaths were calculated for each age group and each day of the 

pandemic and then summed over ages and days for presentation purposes. All parameter 

values used are listed in Table 1. Further details, along with full formulas used for 

calculations, are provided in the Supplementary Material.

Antiviral supply

Antiviral ‘supply’ was defined by the quantity of NAIs estimated to be available in the 

United States as of April 2013. The sources of drug supply included NAIs available in the 

federal (i.e., Centers for Disease Control and Prevention Strategic National Stockpile, CDC 

SNS) and state stockpiles; and quantity of product estimated to be in commercial inventories 

or which could be manufactured for the United States within 12 weeks (shortest time from 

beginning of epidemic to peak across scenarios). As of April 2013, the total number of NAI 

regimens used in this model, and estimated to be available in the United States in the event 

of a pandemic, was 104 million.

Model details

Antiviral Demand—A treatment regimen of NAI consisted of enough medication for 5 

days of twice-daily dosing [9]. We assumed that outpatients receiving treatment in the 

community would receive 1 regimen, while hospitalized cases would receive an average of 2 

regimens (10 days of treatment). Following previously published assumptions regarding 

NAI regimens for outpatients, we assumed that some regimens would be dispensed to 

individuals with influenza-like illness (ILI) due to other pathogens (40% of the number of 

regimens dispensed to influenza outpatients), 20% of patients would not adhere (and which 

includes those who save a course for a personal stockpile), and 10% of all regimens 

dispensed would be provided to patients for use as chemoprophylaxis, [see reference [27] 

and Table 1]. All inpatients were assumed to adhere to treatment. Similar to the assumption 

for outpatients, we assumed that regimens would also be dispensed to inpatients with 

respiratory symptoms with a non-influenza etiology (40% of the number of regimens 

dispensed to influenza inpatients). We assumed that a greater proportion of influenza 

inpatients were treated than influenza outpatients, which assumes that clinicians factor 

illness severity into treatment decisions and do not rely entirely on the results of rapid 

testing which may have low sensitivity [35].

The estimated demand for antiviral regimens was calculated by the following equations:

Antiviral demand = number regimens used by outpatients + number regimens used by 

inpatients + number of regimens used for chemoprophylaxis

Number regimens used by outpatients = number clinically ill * proportion seeking 

outpatient care * proportion outpatients diagnosed & prescribed NAIs * Avg. 

number regimens per outpatient * (1 + multiplier for non-influenza ILI patients)

Number regimens used by inpatients = number hospitalized influenza cases * 

proportion hospitalized cases diagnosed & prescribed NAIs * Avg. regimens per 

inpatient * (1 + multiplier for non-influenza ILI patients)
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Number of regimens used for chemoprophylaxis = total of regimens given for 

outpatients * chemoprophylaxis multiplier

Parameter values are listed in Table 1. The amounts of NAIs potentially needed for each 

scenario were then compared to the estimated United States antiviral supply (as of April 

2013). We plotted the cumulative antiviral demand over time for each scenario assuming 

that the incubation period would be approximately 1.4 days based on data for seasonal 

influenza [30]. Because of limited data regarding antiviral effectiveness related to day of 

therapy initiation, we assumed that all patients would receive treatment on the second day of 

clinical symptoms. This assumes that patients would start treatment slightly quicker than 

seen with seasonal influenza infection due to concern over the severity of infection, which 

maximizes the benefits of treatment [36–38]. To explore variations in treatment start further, 

we conducted a sensitivity analysis (see later in Methods).

Antiviral Impact on Hospitalizations—The estimated impact of NAI treatment on 

hospitalizations was calculated by the following equation:

Hospitalizations averted = number clinically ill * proportion seeking outpatient care * 

proportion outpatients diagnosed & prescribed NAIs * adherence * risk of hospitalization * 

NAI effect against hospitalization

Definitions of the equation parameters are as follows: ‘Adherence’ = proportion who 

sufficiently adhere to the treatment regimen for it to be effective; ‘Risk of hospitalization’ = 

per-capita risk of hospitalization among symptomatic influenza cases; and ‘NAI effect 

against death’ = reduction in the risk of death due to influenza as a result of NAI treatment.

For the purposes of this analysis, the antiviral effect against hospitalization was assumed to 

be the same as the NAI treatment effect against lower respiratory tract complications from 

influenza requiring antibiotic treatment [28]. Pneumonia and other LRTI cause substantial 

hospitalizations and are a leading cause of death [31–33]. A range of treatment effects was 

obtained by using the upper and lower 95% confidence interval estimates for this outcome 

(Table 1).

Antiviral Impact on Deaths—In this analysis, NAI treatment was assumed to reduce the 

risk of death by three possible mechanisms: 1) deaths directly averted among treated 

hospitalized patients, 2) deaths among non-hospitalized cases directly averted by treatment 

of outpatients, and 3) deaths avoided by outpatient treatment averting severe disease which 

would have required hospitalization and could have progressed to death. The latter 2 

mechanisms were considered separately since we used different case-fatality rates for 

outpatients and inpatients.

Estimates of the direct effect of NAI treatment against death were based on an observational 

study of oseltamivir treatment among patients with influenza A(H5N1) [29]. This data 

source was used because it estimated the effect of oseltamivir against death for a novel, 

severe avian influenza, which is in line with the goals of our analysis, and because it is the 

largest study of this type to have been conducted. We obtained a range of treatment effects 

by using the upper and lower 95% confidence interval estimates from Adisasmito et al. [29]. 
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We assumed the same effect of NAI treatment on all treated persons and across age groups. 

We also assumed the same antiviral effect for treated inpatients and outpatients.

The estimated impact of NAI treatment on reducing deaths was calculated by the following 

equation:

Deaths averted = number deaths averted due to inpatient Rx + number deaths averted due to 

outpatient Rx

Number deaths averted due to inpatient Rx = number hospitalized cases * 

proportion hospitalized cases diagnosed & prescribed NAIs * inpatient mortality 

risk * NAI effect against death

Number deaths averted due to outpatient Rx = number clinically ill * proportion 

seeking outpatient care * proportion outpatients diagnosed & prescribed NAIs * 

adherence * (outpatient mortality risk * NAI effect against death + risk of 

hospitalization * NAI effect against hospitalization * inpatient mortality risk)

Definitions of the equation parameters are as follows (duplicate parameters are defined 

above): Rx = NAI treatment; ‘NAI effect against death’ = reduction in the risk of death due 

to influenza as a result of NAI treatment (assumed to be the same for inpatients and 

outpatients).

Sensitivity analyses—To determine which variables had the greatest influence on the 

main outcomes (i.e., antiviral usage, hospitalizations averted, deaths averted), we varied 

each of the 4 main variables (treatment rate, attack rate, severity, average antiviral 

effectiveness) one at a time over their full uncertainty range and recorded their impact. 

Notably, the time between symptom onset and treatment initiation is likely one of the most 

important variables influencing antiviral effectiveness and, during a severe pandemic, it 

could be longer or shorter than previously seen depending on prescribing capacity and 

logistical challenges in meeting demand for treatment. We explored this issue by varying the 

average antiviral effectiveness over a wide range [28, 29] with low effectiveness reflecting 

delayed treatment initiation and high effectiveness reflecting rapid treatment. Further data 

on the effect of antiviral treatment with time since initiation would be useful for informing 

future work on pandemic preparedness.

Results

Antiviral demand

There were an estimated 64 million symptomatic cases in the 20% clinical attack rate 

scenario, while there were approximately 94 million symptomatic cases in the 30% clinical 

attack rate scenario. The expected number of NAI regimens needed to meet treatment 

demands ranged from a low of 9.0 million for the 20% attack rate-low severity-low 

treatment level scenario, up to 68.5 million for the 30% attack rate-high severity-high 

treatment level scenario (Table 2). We conducted a sensitivity analysis to determine which 

variables had the largest impact on the number of antiviral courses required for treatment 

(Figure 1), and which are listed here in order of importance: diagnosis and treatment rates, 
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attack rate, severity, and antiviral effectiveness. Note that an increase in antiviral 

effectiveness resulted in slightly fewer regimens required since an increase in effectiveness 

meant fewer hospitalizations occurred and consequently fewer regimens were required to 

treat inpatients.

In our model, the total antiviral drug supply was not fully depleted in any scenario (Figures 

2–3). However, the demand for antiviral treatment slightly exceeded the number of NAI 

regimens in the federal CDC Strategic National Stockpile (SNS) for the 30% attack rate-

high severity-high treatment-low antiviral effectiveness scenario (estimated antiviral 

demand = 68.5 million regimens, approximate SNS size = 68 million regimens, Figure 2).

Burden of disease & impact of antiviral treatment

Although the outputs from the model demonstrated that a large number of hospitalizations 

and deaths could be averted with timely antiviral use, additional hospitalizations and deaths 

remained despite treatment, and varied greatly by pandemic and treatment scenarios (0.58–

3.7 million hospitalizations and 25,000–425,000 deaths, Table 2). These additional 

hospitalizations and deaths were more influenced by the magnitudes of the risks of 

hospitalization and death rather than by the attack rate since the former were varied over a 

wider range. The results of a sensitivity analysis (Figure 1) show that the numbers of 

hospitalizations averted were most influenced by the following factors (in order of 

importance): diagnosis and treatment rates, antiviral effectiveness, severity, and attack rate. 

However, the number of deaths averted was most influenced by (in order of importance): 

severity, antiviral effectiveness, diagnosis and treatment rates, and attack rate. The ordering 

and impact of the variables is different for the number of deaths averted compared to the 

number of hospitalizations averted due to differences in the change in hospitalization risk 

and risk of death across scenarios, different ranges for treatment effectiveness against each 

endpoint, and because the change in treatment levels was greater for outpatients (where 

hospitalizations were averted) than for inpatients (where the majority of deaths occurred).

The absolute numbers of hospitalizations and deaths averted differed greatly depending on 

the scenario (5,200–248,000 deaths averted and 4,800–504,000 hospitalizations averted), but 

the proportions of outcomes averted for both were more consistent (Table 2). For example, 

when there was a low proportion of influenza cases diagnosed and treated and a low 

antiviral effect, less than 1% of hospitalizations and approximately 10% of deaths were 

averted regardless of the attack rate and risks of hospitalizations and death. These were the 

lowest proportions of severe outcomes averted across all scenarios. Alternatively, the 

highest proportions of severe outcomes averted occurred when there was a high proportion 

of influenza cases diagnosed and treated and a high antiviral effect (13% of hospitalizations 

averted and 53% of deaths averted).

Discussion

We developed a simple model that could estimate the potential demand and impact of NAI 

treatment across a range of hypothetical influenza pandemics, and that could be rapidly 

implemented to inform decisions during a public health response. For the scenarios 

considered, the total NAI regimens estimated to be available in the United States (as of April 
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2013) were sufficient to meet treatment needs, even when a large proportion of influenza 

cases were diagnosed and treated. NAI treatment averted many hospitalizations and deaths 

in all scenarios (5,200–248,000 deaths averted; 4,800–504,000 hospitalizations averted). 

However, large numbers of severe outcomes still occurred (25,000–425,000 deaths and 

583,000–3.7 million hospitalizations), emphasizing the need for use of multiple strategies, 

including vaccination, new treatment approaches, and social distancing during a severe 

pandemic. The most influential variable that impacted total NAI demand and the number of 

hospitalizations averted was the diagnosis and treatment rate, while the severity of a 

pandemic had the greatest impact on the number of deaths averted.

Other research has suggested that the demand for antiviral treatment may be greater than 

estimated here [39]. A model of potential antiviral needs for Canada indicated that more 

than 40% of the population could seek treatment in a severe pandemic whereas our estimates 

indicated that 3–20% of the entire United States population may seek treatment. Estimates 

by Greer & Schanzer indicated that an average of 0.65–1.4 antiviral regimens per person 

could be required to meet treatment demands if 70% of all acute respiratory infections 

occurring during a pandemic presented for care and all seeking care were prescribed 

antiviral treatment since such symptoms are non-specific and can be caused by a range of 

infections other than influenza [39]. The higher estimates of antiviral demand by Greer and 

Schanzer is a result of the authors using higher estimates of care-seeking and prescription 

rates to influenza cases, more widespread distribution of antivirals to non-influenza cases 

due to treatment of those with non-influenza respiratory illness, and larger attack rates than 

our model [39]. Carrasco et al. analyzed the antiviral needs of a range of countries including 

the United States and showed that an antiviral stockpile sufficient for 25% of a country’s 

population should be maintained in order to minimize fatalities and economic costs [40]. 

Kelso et al. modeled an influenza epidemic in a small Australian town (population 30,000) 

and found that a stockpile that covered approximately 10% of the population would be 

sufficient to meet treatment needs for an epidemic with an unmitigated attack rate of 25%, if 

half of all symptomatic cases were treated within 24 hours after symptom onset, and there 

were no other interventions. However, distribution of antivirals for non-influenza ILI was 

not considered [41]. Stockpiles sufficient for 30% of the population were estimated to be 

required when 90–100% of clinical cases were treated for pandemic scenarios where the 

baseline clinical attack rate was 30–34%, though again antiviral distribution for non-

influenza ILI was not considered [42, 43].

Prior work has assessed the impact of NAI treatment against hospitalization and death 

during an influenza pandemic. Atkins et al. estimated that 8.2 million NAI regimens were 

used in the United States during the mild-moderate 2009 H1N1 pandemic and that this level 

of treatment averted 8,000–13,000 hospitalizations and 400–650 deaths [27]. The ranges for 

hospitalizations averted by these authors are consistent with the ranges we obtained for the 

low severity-low attack rate-low diagnosis and treatment scenarios (5,000–18,000 

hospitalizations averted). However, the estimated range of deaths averted for the same set of 

scenarios in our model was 5,000–14,000, far higher than the estimates of Atkins et al. 

(400–650 deaths averted) [27]. The discrepancy between the estimates appears to be largely 

due to the inclusion of inpatient treatment in our model, since Atkins et al. only modeled 

deaths occurring among inpatients and used a similar risk of death among inpatients 
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compared to the low severity estimate considered here. Additionally, we estimated that 175–

770 deaths would be averted in the low severity-low attack rate-low diagnosis and treatment 

scenarios when we included only this mechanism by which deaths can be averted, and which 

closely matches the estimates of Atkins et al. [27].

Although our model used a methodology which accounts for a variety of pandemic 

scenarios, a number of limitations warrant highlighting. Because the characteristics of a 

future influenza pandemic are unknown, uncertainty exists as to the “best” model inputs 

(e.g., healthcare-seeking behavior, possibility of antiviral resistance based on historical 

data). Consequently, we used a variety of estimates of the numbers of people seeking care 

and receiving antivirals in order to produce a range of estimates for planning purposes and 

wide ranges on other parameters including antiviral effectiveness.

Our model included several assumptions and may have produced results that overestimate 

the number of antiviral courses distributed to patients in a timely manner, particularly during 

a severe pandemic. Specifically, we assumed that anyone requiring antiviral drugs was able 

to access the medication, and that payment for product or dispensing fees were not barriers. 

Our model also assumed perfect distribution and dispensing of antivirals and does not factor 

in logistical realties/challenges of the pharmaceutical and public health supply chains. 

Additionally, while we used ranges for the proportion of cases that would likely be treated, 

we did not include provider and public sentiment about the effectiveness and desirability of 

antivirals that may positively or negatively influence uptake during a pandemic. Our model 

also assumes that anyone who needed an antiviral drug regimen would receive it, with no 

supply or distribution challenges. If accounted for, these challenges could cause the number 

of antiviral regimens actually needed in a future pandemic to be higher than the estimates 

here. Furthermore, the supply data used in our model is based on the amount of product 

available at a specific point in time. It is important to note that as supply dynamics change 

(e.g., changes in commercial manufacturing/product availability, expiration of public health 

stockpiles, changes in decisions on how much to stockpile) the amount of antiviral drugs 

that are available would change impacting these results.

Also, we may have underestimated the amount of antivirals needed for a severe pandemic 

scenario. Our model included a modest estimate of antiviral use for prophylaxis that 

accounted for 10% of the total number of antiviral regimens dispensed. As pandemic 

severity increases, it is likely that demand for prophylaxis would increase, thus impacting 

the amount of antivirals available for treatment [41, 44]. More detailed modeling of antiviral 

use and distribution strategies, including the prioritization of treatment over prophylaxis, 

could help identify ways to better match antiviral demand with supply and improve access to 

these medications [45].

Our use of a static model implicitly assumed that there is negligible effect of antiviral 

treatment on cases’ infectiousness and gives conservative estimates of the numbers of 

hospitalizations/deaths averted if there are large indirect effects. Surprisingly, it has been 

shown that oseltamivir treatment could reduce the risk of disease among a case’s contacts 

while not reducing the risk of infection (where infection was determined using viral culture 

and serological tests) [46]. Consequently, the authors of the treatment analysis have 
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recommended using only very low values of the effect of antiviral treatment on reducing 

infectiousness and further data are needed to clarify these findings [46].

Lastly, we may have under or overestimated the impact of NAIs because we assumed the 

same effect of NAI treatment across age groups and also used an average effect of NAIs 

with respect to time since symptom onset. In particular, the time between symptom onset 

and initiation of treatment may be different during a pandemic than in the studies from 

which antiviral effectiveness estimates were obtained, which could increase or decrease the 

effectiveness of antiviral treatment and consequently the number of hospitalizations and 

deaths averted. Data on the effectiveness of influenza antivirals against severe endpoints are 

limited [19, 20], as are data on how the effectiveness of treatment could vary with time since 

symptom onset [47]. Therefore, we conducted a sensitivity analysis to explore this issue by 

varying the average antiviral effectiveness over a wide range, with low effectiveness 

reflecting delayed treatment initiation and/or low susceptibility of the pandemic strain to 

treatment and high effectiveness reflecting rapid treatment and high susceptibility of the 

pandemic strain to treatment. A recent paper on the effectiveness of antiviral treatment in 

averting mortality among patients hospitalized with influenza during the 2009 H1N1 

pandemic found that the odds of death were reduced by 50% (95% CI: 23%, 63%) when 

treatment was initiated within 48 hours of symptom onset [47]. These results are consistent 

with our assumed range of antiviral effectiveness against death based on H5N1 data (range: 

23%–66%) [29] and the assumption that treatment would be initiated an average of 2 days 

after symptom onset. We found that the number of hospitalizations averted are strongly 

influenced by treatment effectiveness (380% increase in hospitalizations averted comparing 

the highest effectiveness scenario to the lowest effectiveness scenario, Figure 1), while the 

number of deaths averted were less affected by the level of antiviral effectiveness (180% 

increase in deaths averted comparing the highest effectiveness scenario to the lowest 

effectiveness scenario). This is due in part to the fact that antiviral effectiveness against 

hospitalization was varied over a 4-fold range while effectiveness against death was varied 

over approximately a 3-fold range. Notably, antiviral effectiveness had a negligible impact 

on the number of antiviral courses required to meet treatment needs.

Our model also has several strengths. We included several pandemic scenarios which 

allowed us to create a range of antiviral needs and potential treatment effects. Also, we 

based our parameter estimates on sources from the literature where possible and included an 

assessment of the most important sources of uncertainty regarding antiviral demand and the 

impact of treatment. Furthermore, we constructed the model to be simple enough to be used 

by researchers and public health practitioners with little training in such methods.

New distribution methods could help ensure the timely availability of antiviral treatment. 

For example, the implementation of nurse triage telephone lines to facilitate antiviral 

prescribing could help reduce treatment delays [48, 49] and pre-dispensing of antivirals to 

individuals at high-risk of complications from influenza has also been suggested as a means 

of ensuring timely treatment of those most at risk of severe outcomes [50]. Temporary 

vaccination clinics were used to increase coverage during the 2009 H1N1 pandemic 

vaccination campaign and such dispensing points could also be considered for antiviral 
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distribution [51]. However, we did not include these alternative distribution methods in our 

models.

Risk of death could also be affected by the demand for limited hospital beds and medical 

equipment, especially at the epidemic’s peak, which was not considered here. Our model 

does not include the possible effects of treatment on reducing onward transmission which 

could be included in future work using a dynamic model [42, 52, 53]. Additionally, the 

reader should note that our model assumes that the influenza virus causing the pandemic in 

these modeling scenarios is susceptible to antiviral treatment. Finally, antiviral resistance 

has been detected in both seasonal and pandemic influenza viruses and in avian influenza 

viruses and there is no way to predict if resistance would emerge in a future pandemic [54–

56].

As of April 2013, the United States’ antiviral supplies including stockpiles appear sufficient 

to meet treatment needs in the epidemic scenarios considered, contingent on there being 

limited NAI resistance, limited chemoprophylaxis, and modest prescribing rates for non-

influenza illness. While our analyses indicated that many hospitalizations and deaths would 

occur even with a large amount of NAI treatment during a pandemic, they suggest that any 

effect that NAI treatment may have is highly dependent upon achieving high coverage 

levels. Our findings of the limited impact of a single intervention reinforces the need to 

consider combining interventions to mitigate the severity of an influenza pandemic as 

described in prior work [53, 57–63]. In summary, these results highlight the need to develop 

strategies to educate patients and clinicians regarding early treatment benefits, maintain 

stockpiles of antiviral drugs to support preparedness efforts, improve and refine means of 

rapidly distributing and dispensing government stockpiled supplies, deploy other mitigation 

strategies concomitantly with antivirals, and develop new strategies to control influenza in 

the early stages of a pandemic.
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Figure 1. Impact of variables on number of antiviral courses used, hospitalizations averted, and 
deaths averted compared to baseline scenario (20% attack rate-low severity-low treatment level-
low antiviral effectiveness scenario)
Dx & Rx Rate = combined diagnosis and treatment rate for medically attended, symptomatic 

outpatients (low: 15%; high: 70%) and inpatients (low: 50%; high: 100%).

Attack rate = clinical attack rate (low: 20% of US population; high: 30% of US population).

Severity = risk of hospitalization per clinical case (low: 1.05%; high: 4%) and risk of death 

per clinical case (outpatients - low: 0.02%; high: 0.11%; inpatients - low: 6.2%; high: 9.7%).

AVE = average antiviral effectiveness against hospitalization (low: 11%; high: 42%) and 

death (low: 23%; high: 66%).

*: The effect of antiviral effectiveness on the number of antiviral regimens dispensed is too 

small to be presented on the graph.

To determine which factors had the greatest influence on the main outcomes (i.e., antiviral 

usage, hospitalizations averted, deaths averted), we varied each of the 4 main variables 

(diagnosis and treatment rates, attack rate, severity, antiviral effectiveness) one at a time 

over their full uncertainty range and recorded their impact. As an example, a value of 5 for 

the effect of ‘Antiviral Effectiveness (AVE)’ on hospitalizations averted can be interpreted 

as an expected 5-fold increase in the number of hospitalizations averted when the antiviral 

effectiveness was varied from its lowest values (11% against hospitalization, 23% against 

death) to its highest values (42% against hospitalization, 66% against death) and the other 

variables (Dx & Rx Rate, Attack Rate, Severity) were left at their lower bound values.

See Table 1 and Methods section for further description of scenarios and parameter values.
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Figure 2. Cumulative antiviral demand in US for hypothetical, high-severity pandemic influenza 
scenarios
CAR = clinical attack rate (% of US population with clinical influenza illness over entire 

pandemic)

High Rx = high level of diagnosis and treatment for inpatients (100% treated) and medically 

attended, symptomatic outpatients (70% treated)

Low Rx = low level of diagnosis and treatment for inpatients (50% treated) and medically 

attended, symptomatic outpatients (15% treated)

Federal SNS Stockpile = number of courses in federal strategic national stockpile (68 

million)

Total regimens = total number of courses in federal strategic national stockpile, state 

stockpiles, and commercial sources (104 million)

Solid blue line: 30% clinical attack rate, high level of antiviral diagnosis and treatment; 

dashed blue line: 30% clinical attack rate, low level of antiviral diagnosis and treatment; 

solid red line: 20% clinical attack rate, high level of antiviral diagnosis and treatment; 

dashed red line: 20% clinical attack rate, low level of antiviral diagnosis and treatment; 

dashed black line: number of antiviral courses in Federal strategic national stockpile; dashed 

green line: combined number of courses in federal strategic national stockpile, state 

stockpiles, and commercial sources.

The lower bound of treatment effectiveness was used in obtaining results since these values 

resulted in slightly more antiviral courses being required and so are conservative when 

assessing the adequacy of stockpiles (see Figure 1 and Results). See Table 1 and Methods 

section for further description of scenarios and parameter values.
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Figure 3. Cumulative antiviral demand in US for hypothetical, low-severity pandemic influenza 
scenarios
CAR = clinical attack rate (% of US population with clinical influenza illness over entire 

pandemic)

High Rx = high level of diagnosis and treatment for inpatients (100% treated) and medically 

attended, symptomatic outpatients (70% treated)

Low Rx = low level of diagnosis and treatment for inpatients (50% treated) and medically 

attended, symptomatic outpatients (15% treated)

Federal SNS Stockpile = number of courses in federal strategic national stockpile (68 

million)

Total regimens = total number of courses in federal strategic national stockpile, state 

stockpiles, and commercial sources (104 million)

Solid blue line: 30% clinical attack rate, high level of antiviral diagnosis and treatment; 

dashed blue line: 30% clinical attack rate, low level of antiviral diagnosis and treatment; 

solid red line: 20% clinical attack rate, high level of antiviral diagnosis and treatment; 

dashed red line: 20% clinical attack rate, low level of antiviral diagnosis and treatment; 

dashed black line: number of antiviral courses in Federal strategic national stockpile; dashed 

green line: combined number of courses in federal strategic national stockpile, state 

stockpiles, and commercial sources.

The lower bound of treatment effectiveness was used in obtaining results since these values 

result in slightly more antiviral courses being required and so are conservative when 
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assessing the adequacy of stockpiles (see Figure 1 and Results). See Table 1 and Methods 

section for further description of scenarios and parameter values.
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Table 1

Input values used to estimate the demand for neuraminidase inhibitors and effect of treatment on 

hospitalization and death for hypothetical influenza pandemic scenarios

Parameter Value Reference

Number of influenza infections in each age-group (0–9, 10–19, 20–59, ≥60 
years)

20% AR (millions)1: 17.8, 25.4, 
70.4, 13.8
30% AR (millions)1: 26.1, 33.8, 
105.4, 22.7

[22]

% of influenza infections that are symptomatic 50% [23, 24]

% symptomatic who seek care in each age-group (0–9, 10–19, 20–59, ≥60 
years)

Low severity: 60%, 60%, 50%, 
60%
High severity: 70%, 60%, 50%, 
70%

Assumed in line with 
[25, 26]

% outpatients diagnosed as having influenza & prescribed NAIs2 15%, 70% Assumed in line with 
[25, 26]

% inpatients diagnosed as having influenza & prescribed NAIs2 50%, 100% Assumed

Prescription of NAIs for non-influenza ILI as a % of those receiving NAIs 
for influenza

40% Assumed

Number receiving chemoprophylaxis3 10% of the total number of 
antiviral regimens dispensed

Assumed in line with 
[27]

Proportion non-adherent to course (or saving for personal stockpile) 20% Assumed in line with 
[27]

Hospitalization risk Low severity: 1.05%
High severity: 4%

[22]

Mortality risk among hospitalized cases4 Low severity: 6.24%
High severity: 9.76%

Based on [22]

Mortality risk among outpatients4 Low severity: 0.02%
High severity: 0.11%

Based on [22]

Antiviral effectiveness (AVE) on hospitalization5 Low effect: 11%
High effect: 42%

[28]

Antiviral effectiveness (AVE) on death Low effect: 23%
High effect: 66%

[29]

Average number regimens used per outpatient receiving treatment 1 Assumed

Average number regimens used per inpatient receiving treatment 2 Assumed

Incubation period 1.4 days [30]

AR = attack rate; NAI = neuraminidase inhibitors; ILI = influenza-like illness.

1
The numbers of infections were obtained from the output of a transmission-dynamic model described in Meltzer et al. [22] The numbers are for 

total infections and must be multiplied by the proportion symptomatic to get the number clinically ill in each age-group.

2
The “low diagnosis and treatment scenario” uses the lower estimates while the “high diagnosis and treatment scenario” uses the upper estimates.

3
The total number of antiviral courses dispensed for patients with influenza and non-influenza illness was multiplied by 10/9 so that 10% of the 

final number of regimens distributed would be disseminated for chemoprophylaxis in line with previous work [27]. A multiplier of 10/9 ensures 
that 90% (i.e., 9/10) of the final number of regimens distributed corresponds to the number of regimens used for influenza and non-influenza 
illness, resulting in 10% used for chemoprophylaxis.

4
The case fatality rate was dichotomized into risks of death for outpatients and hospitalized cases so that the effects of treatment among these 2 

groups could be better assessed. See the Supplementary Material for details of calculations.

5
The antiviral effectiveness against hospitalization was assumed to be the same as the effect against lower respiratory tract complications requiring 

antibiotic treatment [28]. Pneumonia and other LRTI cause substantial hospitalizations and are a leading cause of death [31–33].
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